Abstract Purpose: Dysfunctional tumor vessels can be a significant barrier to effective cancer therapy.
To grow beyond a few millimeters in size, solid tumors must develop an angiogenic phenotype that promotes the establishment of an expanding vascular network for delivery of oxygen and other nutrients (1) . Vascular endothelial growth factor (VEGF) is well established as a central mediator in this process (2, 3) . VEGF promotes endothelial cell proliferation, migration, and survival, as well as mobilization of marrow -derived endothelial precursors, in support of tumor angiogenesis, and is elaborated by both tumor and host cells in response to local environmental as well as intracellular stimuli. In addition, VEGF is a potent stimulator of vessel permeability, having originally been recognized for its function as a vascular permeability factor (4) . Because of its fundamental role in tumor angiogenesis, VEGF serves as a logical target for antiangiogenic cancer therapy.
Bevacizumab is a humanized, monoclonal anti-VEGF antibody that neutralizes all isoforms of human VEGF (5) . It is the first Food and Drug Administration -approved antiangiogenic agent for cancer therapy, based on its efficacy in combination with standard chemotherapy in patients with metastatic colorectal cancer (6) . It is currently being investigated in clinical trials for patients with other locally advanced or metastatic cancers, with encouraging preliminary results (7) . These clinical findings are consistent with a central, albeit somewhat counterintuitive, theme to emerge from several years of preclinical investigation of antiangiogenic therapies; these agents often have an additive or synergistic effect when used in combination with traditional cytotoxic chemotherapy or ionizing radiation (8) . One potential explanation for this synergy is that tumors are attacked on two fronts-cytotoxic agents are direct mediators of tumor cell death whereas antiangiogenic agents promote tumor cell death indirectly, by destroying the blood supply upon which tumors depend for progression. In addition, it has been shown that when administered with a frequent, low-dose schedule, certain chemotherapeutic drugs can have potent antiendothelial cell activity (9, 10) . Conversely, evidence is accumulating that VEGF blockade, although traditionally presumed to exert direct activity only against the tumor endothelium, may also have direct antitumor effects against certain malignancies (11) .
An alternative explanation for the apparent paradox of antitumor synergy between drugs that destroy the tumor vasculature and chemotherapeutics that require adequate tumor perfusion for delivery throughout a tumor mass has been hypothesized. Jain (12) has suggested that as antiangiogenic agents begin to restore a balance between proangiogenic and antiangiogenic cytokines, tumor vessels, at least transiently, display a structural and functional phenotype more reflective of normal blood vessels. Through this process, termed vascular ''normalization,'' remodeled tumor vessels partially overcome the physiologic barriers to drug and oxygen delivery within tumors through an improvement in their functional efficiency, thus enhancing the delivery and, therefore, the antitumor activity of cytotoxic therapies. This process of vascular normalization seems to be transient, however, with a relatively narrow window during which synergy could likely be achieved, and after which time the tumor vasculature is destroyed.
Thus, although antiangiogenic agents may have the potential to enhance the efficacy of cytotoxic chemotherapy by increasing intratumoral drug penetration, these agents ultimately likely decrease blood flow and may negatively affect the delivery and efficacy of adjuvant therapy. Therefore, an understanding of the temporal changes in the tumor vasculature effected by these antiangiogenic agents is critical for guiding their scheduling, especially when being used in combination with cytotoxic chemotherapeutics, to maximize antitumor activity.
Numerous preclinical studies have shown that neuroblastoma is susceptible to antiangiogenic therapy (13 -15) , including anti-VEGF agents (16) ; therefore, drugs such as bevacizumab are currently being evaluated in ongoing clinical trials for children with neuroblastoma. However, no guidelines exist for the optimal scheduling and dosing of bevacizumab. In this study, we present preclinical studies of the phenotypic and functional effects of bevacizumab on the tumor vasculature in relevant orthotopic models of neuroblastoma, the results of which will assist in the rational design of clinical trials of this agent in children with neuroblastoma and, likely, other solid tumors.
Materials and Methods
Animal tumor model. The human neuroblastoma cell lines NB-1691 (provided by P. Houghton, Memphis, TN) and SK-N-AS (purchased from American Type Culture Collection) were used. Localized neuroblastoma xenografts were established by injection of 1.5 Â 10 6 tumor cells into either the left retroperitoneum or s.c. space of 4-to 6-week-old male C.B-17 severe combined immunodeficient (SCID) mice, as previously described (17) . Measurements of the s.c. tumors were made with calipers and measurements of retroperitoneum tumors were made by ultrasonography. One month after s.c. tumor cell injection, and 21 days after retroperitoneum tumor cell inoculation, tumors were generally f200 to 400 mm 3 . Animals treated with bevacizumab (Genentech) received 200 Ag via tail vein injection. All murine experiments were done in accordance with a protocol approved by the Institutional Animal Care and Use Committee of St. Jude Children's Research Hospital.
Immunohistochemistry. Formalin-fixed, paraffin-embedded 4-Amthick tumor sections were analyzed by immunohistochemical analysis for CD34 and a -smooth muscle actin immunoreactivity, as described previously, using rat anti-mouse CD34 (RAM 34, PharMingen) and mouse anti-human smooth muscle actin (clone 1A4, DAKO) antibodies (18) . Sections were viewed and digitally photographed using an Olympus U-SPT light microscope with an attached charge coupled device camera. Four images at Â10 were taken of each tumor section with care to avoid areas of necrosis. Images were saved as JPEG files for further processing in Adobe Photoshop (Adobe Systems, Inc.). Positive staining was quantified using NIH image analysis software, Image J, and is reported as the mean number of positive pixels/tumor section. Total vessel length per tumor section was quantified for the CD34-stained sections using the method described by Wild (19) . Serial sections were also stained with a rabbit anti-human Ki67 antibody (1:1,000, vector VP-K451) after heat-induced epitope retrieval in Target Retrieval Buffer (DAKO, S1699), and a terminal deoxyribonucleotide transferasemediated nick-end labeling (TUNEL) assay was done using the Dead End kit (Promega, PRG7130) adapted for use on a DAKO Autostainer. Results are reported as the percentage of positive cells, with at least 2,000 nuclei being counted per section, with care being taken to avoid areas of necrosis.
Intravital microscopy. Mice bearing s.c. tumors were anesthetized with ketamine/xylazine (0.1 mL s.c.) and the skin overlying the tumors was opened to expose the tumors. The tumor vasculature was visualized using an industrial scale microscope (model MM-40, Nikon USA) with a digital camera (Photometric CoolSnap FX, Roper Scientific) and fluorescent (100 W mercury) light source. Images were acquired at Â40 magnification.
Evans blue dye assay. Vessel permeability was assessed using an Evans blue dye assay (20) . One hundred microliters of 2% Evan's blue dye (MP Biomedicals) were administered via tail vein to tumor-bearing mice and allowed to circulate for 20 min. To remove remaining intravascular dye, mice were perfused with 10 mL of saline through the left ventricle with a right atrial vent. Tumors were then excised, divided into four to eight approximately equal-sized pieces, and weighed (no tumor section weighed >0.15 g). Each tumor section was then placed in 1 mL of formamide (Fisher Scientific) for 72 h for dye extraction. Tumor sections were then removed and the resultant extract was centrifuged. Levels of the dye were then quantified using a spectrophotometer at a wavelength of 620 nm. All samples were run in duplicate and compared with those of standards. The concentration of Evan's blue dye within a tumor (Ag/g tumor tissue) was calculated by averaging the extraction values for each section from a tumor.
Tumor interstitial fluid pressure measurement. Tumor interstitial fluid pressure was determined in s.c. grown tumors using a needle pressure technique (21) . A 23-gauge hollow bore needle with an additional side hole cut 5 mm from the tip was connected to salinefilled tubing. This was connected via a fluid-filled dome diaphragm (Memscap AS) to a MLT844 physiologic pressure (AD Instruments, North America). All bubbles were carefully expelled from the system. The transducer was connected to a ML110 bridge amplifier (AD Instruments, North America) and data were imported into PowerLab software (AD instruments, North America). Before and in between recordings of individual tumor pressures, the system was calibrated using a graduated water column. Data are reported in mm Hg (1 cm H 2 O = 1.36 mm Hg).
Contrast-enhanced ultrasonography. Ultrasonography was done with an Acuson Sequoia ultrasound machine (Siemens) using a 15L8 MHz transducer. For evaluation of contrast agent flow, tumors were imaged in the transverse plane in the region with the largest dimensions. The machine's mechanical index was lowered to V0.4 to prevent microbubble destruction. Optison ultrasound contrast agent (Amersham Health, Inc.), a suspension of human serum albumin microspheres encapsulating octafluoropropane gas, was used as the contrast agent. Mean microsphere size of Optison ranges from 2 to 4.5 Am and the particles remain in the intravascular space. A 27-gauge needle was used to give bolus injections of 0.1 mL of Optison diluted in 0.1 mL of saline, via a tail vein. Images were recorded on cine clips starting immediately before the injection and continuing for 30 s, at a frame rate of 30 to 70 Hz. The clips were later analyzed on-line using the Cadence contrast pulse sequence ACQ software (Siemens). A region of interest was drawn to encompass the entire tumor and the software determined the average log-compressed signal intensity within the region of interest for each image frame over the 30-s imaging period.
Intratumoral drug penetration. Animals treated with topotecan (GlaxoSmithKline) received 1 mg/kg via tail vein injection. One hour after this bolus topotecan administration, whole blood (in EDTA) and tumor tissue were collected. Tumors were snap frozen in liquid nitrogen before being homogenized in PBS (100 AL/mg tissue) and centrifuged to remove particulates. Cold methanol (4:1) was added to the supernatant, and the plasma was collected from the whole blood, to extract the topotecan. Samples were centrifuged and the methanolic supernatant was stored at -80jC until analysis. The extracted tumor and plasma samples were converted to total topotecan by adding five parts methanolic supernatant to one part 20% phosphoric acid. The methanolic supernatant from tumor tissue or plasma was analyzed for topotecan by an isocratic high-performance liquid chromatography with fluorescence detection (RF10AXL; Shimadzu); the excitation and emission wavelengths were 370 and 530 nm, respectively (22) .
Animals treated with etoposide (Pfizer) received 375 Ag via tail vein injection. As above, 1 h later, whole blood (in EDTA) and tumor tissue were collected for quantitation of etoposide concentrations. To prevent degradation of etoposide by oxidation, 1 AL of 2 mol/L ascorbic acid in PBS was added for every 100 AL of blood, immediately after it was collected. Samples were centrifuged and the plasma was isolated, frozen on dry ice, and stored at -80jC until extracted and analyzed. Tumors were weighed and snap frozen in liquid nitrogen. The tumors were then homogenized in PBS (100 AL/mg tissue) containing 20 Amol/L ascorbic acid and centrifuged to remove particulates. The etoposide-containing supernatant was removed and stored at -80jC until extracted using a previously reported method (23) . The reconstituted tumor and plasma extracts were analyzed for etoposide using a modification of a previously reported high-performance liquid chromatography with electrochemical detection method (Coulochem II with Model 5010 dual electrode analytic cell; Environmental Sciences Association; ref. 
Results
Bevacizumab rapidly alters the morphology of the tumor vasculature in treated neuroblastoma xenografts. We first examined the effect of VEGF inhibition on microvessel density, pericyte coverage, vessel length, and tumor vessel phenotype at 24 h, 3 days, and 7 days after administration of a single dose of bevacizumab to mice with established, orthotopic NB-1691 xenografts. Tumors from cohorts of mice sacrificed at each of these time points showed a significant, rapid, and progressive decrease (<50% of control by day 1, <30% by day 7) in tumor microvessel density, as assessed by CD34 immunohistochemistry, in bevacizumab-treated tumors, compared with controltreated tumors, in which microvessel density did not change significantly over time with tumor growth (Fig. 1A and B) . Serial tumor sections were also stained for smooth muscle actin to identify perivascular smooth muscle cells. This revealed a paucity of these stabilizing perivascular cells in untreated neuroblastoma xenografts, as often occurs in the neovessels of solid tumors (24) . This remained unchanged after bevacizumab treatment (data not shown). Thus, unlike the marked loss of endothelial cells in treated tumors, the number of pericytes remained stable, resulting in an effective increase in the vessel maturity index (ratio of pericytes to endothelial cells) of the intratumoral vessels (Fig. 1B) . This suggests that there was a selective loss of the more immature vessels that lacked pericytes, whereas the more mature vessels remained. Vessel length also rapidly and progressively declined in treated tumors, being <25% of control tumors by day 7 after bevacizumab administration (Fig. 1B) . Interestingly, despite the reduction in tumor microvessel density, there was a relative lack of necrosis within sections of bevacizumab-treated tumors compared with controls (Fig. 1C) .
To further examine morphologic alterations of the tumor vasculature with bevacizumab treatment, we used intravital microscopy for in vivo analysis of acute tumor preparations. These images showed dramatic qualitative differences in tumor vessel architecture after treatment. Vessels within control tumors were chaotic and dilated, with abrupt changes in vessel diameter and direction. During bevacizumab-induced vessel regression, the vessels that remained had a more normal structural phenotype, similar to that seen in the vessels within normal skin (Fig. 2) .
Finally, in a separate cohort of mice, we examined the effect of VEGF inhibition with bevacizumab on the growth of established NB-1691 xenografts. Three weeks after tumor cell inoculation, when retroperitoneal tumors were f600 mm 3 , mice were treated with a single i.v. dose of bevacizumab (200 Ag) or saline (control). Tumor volume was then serially assessed by transabdominal ultrasound (Fig. 3) . Interestingly, despite the profound histologic changes observed in the tumor vasculature after a single dose of bevacizumab previously noted, tumor growth in treated mice was not significantly different from that of controls, with little inhibition of tumor growth observed at day 7 after the bevacizumab dose (mean bevacizumab-treated tumor volume 3,256 F 470 mm 3 , mean control tumor volume 3,463 F 422 mm 3 ). Improvement in intratumoral vessel function with bevacizumab. As previously mentioned, one of the most profound characteristics of VEGF is its ability to act as a potent stimulator of vessel permeability (4) . To examine the effect of bevacizumab on vessel permeability in our model of neuroblastoma, we compared the extravasation of Evan's blue dye into the parenchyma of treated tumors, with control tumors, and found that bevacizumab treatment induced a rapid and sustained decrease in tumor vessel permeability. At 24 h, 3 days, and 7 days after treatment, Evan's blue dye extravasation into tumors of bevacizumab-treated mice was reduced to 62.2 F 2.4%, 33.9 F 2.6%, and 51.8 F 8.0%, respectively, the degree of Evan's blue dye extravasation in size-matched controls at each time point (Fig. 4A) . We next investigated how bevacizumabinduced reduction in tumor vessel permeability would affect tumor interstitial fluid pressure. A reduction in interstitial fluid pressure was observed; at 24 h, 3 days, and 7 days after treatment, tumor interstitial fluid pressure was reduced to 44% (5.33 F 1.24 versus 12.13 F 0.93 mm Hg), 40% (4.40 F 0.42 versus 10.87 F 0.50 mm Hg), and 40% (4.65 F 0.95 versus 11.67 F 0.69 mm Hg), respectively, the tumor interstitial fluid pressure of size matched controls at each time point (Fig. 4A) .
We next did quantitative contrast-enhanced ultrasonography to evaluate how these alterations in tumor vessel structure and function affected tumor perfusion. We have previously shown that measuring intratumoral flow of an ultrasound microbubble contrast agent, as assessed by the change in signal intensity (DSI) after i.v. injection of the agent, is a reliable method for monitoring tumor vascular response to antiangiogenic therapy (25) . Using this modality, we compared tumor perfusion in bevacizumab-and control-treated mice with sizematched retroperitoneal tumors. Interestingly, the DSI in Fig. 1 . The effect of a single dose of bevacizumab on the histology of tumor vessels within established retroperitoneal NB-1691xenografts. A, representative CD34 immunohistochemistry at days 0, 1, 3, and 7 after bevacizumab administration. Original magnification, Â10. Quantitation of the (B) endothelial cell density (mean CD34 pixel count/tumor section, *P < 0.001at each time point), vessel maturity index (ratio of a^smooth muscle actin to CD34 pixels per tumor section; *, P = 0.003 at day 1; **, P < 0.001at days 3 and 7), and vessel length (mean vessel length in pixels/tumor section; *, P = 0.006, day 1; **, P = 0.007, day 3; ***, P = 0.004, day 7) within bevacizumab-treated (gray columns) and control-treated tumors (black columns ; n = 5/group). C, representative H&E sections from a tumor at day 0 (left, note the normal adrenal gland is still identifiable in the top right corner), and control-treated (middle) and bevacizumab-treated (right) tumors 7 d after treatment, highlighting the absence of necrosis in the bevacizumab-treated tumors. Original magnification, Â10. (Fig. 4A) . Moreover, within bevacizumab-treated tumors, contrast enhancement was more homogenous throughout the tumor mass compared with controls where enhancement was largely restricted to the tumor periphery (Fig. 4B) . At day 7, however, this measure of tumor perfusion was nearly equivalent for bevacizumab-and control-treated tumors (9.66 F 0.24 dB versus 9.68 F 0.69 dB), highlighting the transient nature of the change in intratumoral perfusion. Considering the significant vessel regression occurring in the tumors of bevacizumab-treated mice, as judged by immunohistochemical analyses, these findings suggest that the mature vessels that remain in the first few days after bevacizumab administration permit more efficient tumor perfusion compared with the highly disorganized vasculature within controls.
Consistent with this demonstration of improved intratumoral perfusion, in addition to the diminished degree of frank necrosis, we observed a significant decrease in the TUNEL positivity of bevacizumab-treated tumors, compared with controls (1.6 F 0.1% versus 12.2 F 4.5%) and a trend toward increased Ki-67-positivity (51.6 F 1.9% versus 47.6 F 1.5%) 1 day after treatment (Fig. 4C ). This effect abated by day 3, however.
Bevacizumab improves tumor penetration of systemically administered chemotherapy. We next evaluated how these alterations in tumor vessel structure and function would effect tumor penetration of systemically administered chemotherapeutic agents. Mice with established retroperitoneal NB-1691 xenografts were given a single i.v. dose of bevacizumab (200 Ag) or saline (control) 21 days after tumor cell inoculation when tumors were f400 mm 3 . Subsequently, these mice received a single i.v. dose of topotecan (2 mg/kg) either concurrent with, 24 h after, 3 days after, or 7 days after administration of the dose of bevacizumab (or vehicle control). Although each mouse received the same topotecan dose, tumor topotecan penetration was determined as the ratio of the concentration of topotecan within the tumor to that in the plasma, to account for fluctuations in plasma topotecan concentrations. Analysis revealed that tumor topotecan penetration remained relatively stable in control-treated mice for each successive time point. However, in mice treated with bevacizumab, intratumoral drug penetration was found to increase progressively compared with size-matched controls, when topotecan was administered at 24 h (51% versus 43%) and 3 days (57% versus 34%) after bevacizumab. However, this improvement in penetration was no longer seen at day 7 (39% versus 40%), similar to the results previously detailed for the transient change in intratumoral perfusion effected by a single dose of bevacizumab (Fig. 5A) .
To determine whether this phenomenon of improved intratumoral drug delivery occurred broadly, we did similar experiments in which a different chemotherapeutic agent (etoposide) was administered and where a different tumor cell line (SK-N-AS) was used as an alternate orthotopic neuroblastoma xenograft. Etoposide was chosen for study because of its different physicochemical properties from topotecan, specifically, being more lipophilic and highly protein bound than the water-soluble topotecan. SK-N-AS was chosen because unlike most neuroblastoma cell lines, it does not have an amplified number of copies of the MYCN oncogene. Although the results were not identical to what had been found in our initial experiments with topotecan using the NB-1691 cell line, improvement in intratumoral drug penetration was noted when the chemotherapeutic drug was administered 24 h and 3 days after a bevacizumab dose. For etoposide given to mice Fig. 4 . The effect of a single dose of bevacizumab on the function of the intratumoral vasculature within established retroperitoneal NB-1691xenografts, compared with size-matched control-treated tumors. A, assessment, with five mice per group, included vessel permeability, as determined by Evan's blue dye (EBD) extravasation (*, P = 0.02, day 1; **, P = 0.003, day 3; ***, P = 0.03, day 7), interstitial fluid pressure (IFP) within tumors (*, P = 0.01, day 1; **, P = 0.001, day 3; ***, P = 0.004, day 7), and intratumoral perfusion, as determined by contrastenhanced ultrasonography (change in signal intensity, DSI) studies (*, P = 0.01, day 1; **, P = 0.03, day 3; P = 0.92, day 7). B, representative contrast-enhanced ultrasound images of bevacizumab-and control-treated tumors before and after i.v. contrast administration. C, the percentage of cells in tumor sections that were TUNEL positive (gray columns) and Ki-67 positive (black columns) 1, 3, and 7 d after tumor-bearing mice received a single dose of bevacizumab (*P = 0.05, day 1; P = 0.48, day 3; P = 0.60, day 7 for TUNEL and P = 0.16, day 1; P = 0.58, day 3; P = 0.39, day 7 for Ki-67, compared with control). with NB-1691 xenografts treated with bevacizumab, the percent intratumoral drug penetration was 67% at day 1 compared with 37% in control-treated tumors, a 1.8-fold increase. By day 3, however, this improvement had already declined to only a 1.3-fold increase over control (44% versus 33%; Fig. 5B ). When topotecan was given to mice with SK-N-AS xenografts treated with bevacizumab, the percent intratumoral drug penetration at day 1 was not significantly different from control-treated tumors (40% versus 43%). However, at day 3, intratumoral drug penetration in bevacizumab-treated tumors was significantly improved (75% versus 50%, a 1.5-fold increase; Fig. 5C ). Interestingly, the day 7 data revealed a greater improvement in intratumoral topotecan penetration in mice that received a dose of bevacizumab (whereas that in control-treated mice remained stable); however, because of variability in the data, these results did not reach statistical significance.
Bevacizumab improves efficacy of systemically administered topotecan. Finally, we examined the therapeutic consequence of improved tumor drug penetration achieved after pretreatment with a single bevacizumab dose. Again, retroperitoneal NB-1691 xenografts were established and, 21 days later, tumorbearing mice were divided into five groups with size-matched tumors. Group 1 served as control; group 2 received a single dose of bevacizumab on day 21; group 3 received a single dose of topotecan on day 21; group 4 received a single dose of both bevacizumab and topotecan on day 21 (concomitant); and group 5 received the dose of bevacizumab on day 21 followed by topotecan on day 24 (3-day delay). All animals were sacrificed on day 28 and assessed for tumor size. As seen previously, a single dose of bevacizumab had only a modest effect on tumor growth [88% of control, final tumor volume 4,020 F 302 mm 3 versus 4,556 F 439 mm 3 (control)]. Topotecan monotherapy did affect significant tumor growth inhibition compared with controls (54% of control, final volume 2,454 F 279 mm 3 ). The antitumor effect of topotecan was improved when given together with bevacizumab (44% of control, final volume 1,999 F 350 mm 3 ). However, when topotecan was administered 3 days after treatment with bevacizumab, this combination had an even more pronounced effect (36% of control, final volume 1,639 F 244 mm 3 ) although the difference did not reach statistical significance when compared with concomitant administration of the two drugs (Fig. 6 ).
Discussion
In this study, we have shown the functional changes that occur as a result of the remodeling of tumor vasculature with bevacizumab in a relevant, orthotopic model of neuroblastoma. Although the importance of normalization of the intratumoral vasculature is becoming increasingly appreciated (26) , this is the first study to show that this normalization has functional consequences with regard to the intratumoral delivery and antitumor activity of adjuvant anticancer agents when given together with bevacizumab. Our results also show that the antitumor effect depends, at least in part, on drug scheduling.
The aberrant structure and function of tumor neovessels leads to a microenvironment within solid tumors that is characterized by elevated interstitial fluid pressure, inefficient tumor perfusion, and significant areas of hypoxia and acidosis (27, 28) . These factors contribute to poor intratumoral drug delivery and activity, and, in part, to the development of resistance to cytotoxic therapies. We have shown that inhibition of tumor elaborated VEGF with bevacizumab effects a transient remodeling of the intratumoral vasculature, which, despite causing an overall decrease in intratumoral microvessel density, results in more efficient perfusion of tumors in mice with established, orthotopic neuroblastoma xenografts. This remodeling of the vasculature to a more mature, functional phenotype seems to have been achieved by destroying the immature vessels in which the endothelial cells lack the support of adjacent pericytes. Vessels composed of endothelial cells invested with pericytes are likely able to survive because the critical endothelial cell survival factor, VEGF, is delivered in a paracrine manner by these support cells. This process of evolving a more mature vasculature by pruning away immature vessels is in distinction to that observed during treatment of glioblastoma xenografts (29) and murine mammary carcinomas (30) with DC101, a VEGFR2 blocking antibody, in which an increase in the ratio of Ang-1/Ang-2 elaborated by the tumor cells seems to cause an active recruitment of pericytes to immature tumor vessels. We detected no significant change in Ang-1 or Ang-2 expression in our bevacizumab-treated xenografts (data not shown).
We have shown that one of the consequences of remodeling the intratumoral vasculature with bevacizumab is an associated improvement in intratumoral penetration of systemic chemotherapy. The reasons for this are likely multifactorial. One relates to the effect of bevacizumab on tumor interstitial pressure. Tumor vessel hyperpermeability leads to leaking of plasma proteins and fluid into the tumor interstitium, resulting in a marked elevation in tumor interstitial pressures (31, 32) . Moreover, solid tumors lack functional lymphatics, and therefore have little means to remove the excess interstitial fluid (28, 31) . As a result, there is near equilibration between the hydrostatic and oncotic pressure gradients that normally exist between the intravascular and interstitial compartments. Consequently, forces that ordinarily govern the transport of fluid and molecules across a microvascular bed are significantly impaired. VEGF, a known vascular permeability factor, contributes significantly to tumor vessel leakiness through a variety of proposed mechanisms (33) . Conversely, VEGF inhibition can reduce tumor vessel permeability, lower tumor interstitial pressures, and, in turn, begin to restore transvascular pressure gradients that improve tumor drug penetration (30 -35) . Consistent with this, we observed that administration of a single dose of bevacizumab to mice bearing neuroblastoma xenografts resulted in a rapid and sustained decrease in tumor vessel permeability and interstitial pressure compared with mice with size-matched control tumors, and coincident improvement in intratumoral drug delivery. These data are also consistent with other xenograft models (30, 36) and recent data from patients with locally advanced rectal cancer (37) .
In addition to elevated interstitial pressures and altered transcapillary pressure gradients, another factor contributing to poor tumor drug delivery is inefficient tumor blood flow due to both the heterogeneous distribution of vessels throughout a tumor mass, as well as physical resistance to perfusion of these chaotic vessels (38, 39) . Although it might be expected that antiangiogenic therapy and tumor vessel regression would result in a decrease in tumor perfusion, the converse often occurs. For example, Wildiers et al. (35) quantified tumor perfusion in s.c. grown HT29 tumors using the fluorescent dye H33342 and found that after treatment with anti-VEGF antibody, there was actually an increase in global perfusion of treated mice versus controls. Similarly, in our experiments, we found that 24 h and 3 days after treatment, tumor perfusion was significantly improved in mice that had received bevacizumab compared with that of controls. Importantly, this effect was transient, being lost at 7 days when there was equal tumor perfusion between the groups. The loss of this effect is not likely due to clearance of the antibody that has a long half-life (approximately 20 days). Given that bevacizumab was found to cause a significant decrease in the number of tumor vessels, these findings suggest that the remaining vessels allow much more efficient blood flow. It is likely that this improved perfusion efficiency is due, at least in part, to the decreased resistance to flow within these vessels, as it has been shown that excessive and chaotic branching within tumor vessels contributes to increased resistance to tumor circulation (39) . As revealed with intravital microscopy, the vessels that remain within tumors after treatment with bevacizumab have an ordered structure much more reflective of those within in normal tissue, compared with the disorganized vessels seen in control tumors. In addition, the reduction of tumor interstitial pressure described previously, together with improved support from investing pericytes, may result in fewer areas of collapse of intratumoral vessels that tend to be compressed due both to the high tumor interstitial fluid pressure and the expanding tumor mass.
The important clinical implication of normalizing the tumor vasculature during anti-VEGF therapy is improved delivery of chemotherapeutic agents to a tumor mass. Our data are in agreement with accumulating evidence that show that manipulation of the tumor vasculature and microenvironment may indeed improve tumor drug delivery (21, 35, 40) . However, fundamental to achieving this effect is defining the appropriate schedule for administering antiangiogenic and cytotoxic agents. Although concurrent administration of chemotherapy with bevacizumab has shown efficacy in clinical trials, it may be that the effectiveness of this combination can be improved with an alternative dosing schedule. In the current study, tumor penetration of systemically administered topotecan was not significantly altered when given at the same time as bevacizumab. However, when administered at later time points after bevacizumab, a progressive increase in tumor topotecan penetration was observed, which was significant by day 3. However, when injected 7 days after bevacizumab, tumor drug penetration decreased to the level of controls, highlighting the transient nature of this phenomenon. These findings are consistent with the hypothesis that tumor vasculature normalization with anti-VEGF therapy provides a ''window'' for optimizing the effects of adjuvant cytotoxic therapy (26) . Although the normalized vasculature is more efficient and, initially, permits improved perfusion and drug delivery, it seems that the beneficial alterations in tumor vessel physiology may ultimately be balanced by the progressive reduction in vessel number.
Thus, in the current investigation, we have shown significant changes in tumor vessel morphology and function in mice bearing human neuroblastoma xenografts in response to inhibition of VEGF. These changes result in improved delivery and activity of systemically administered chemotherapy, demonstrating that pharmacologic manipulation of the tumor vasculature can be used to improve the antitumor efficacy of adjuvant therapy. It is uncertain whether this ''window of opportunity'' will be the same when trying to achieve synergy with different antiangiogenic agents and chemotherapetuics with different physicochemical properties against different types of solid tumors. We did note differences in the kinetics of the changes in vascular physiology when using a different tumor cell line and when trying to deliver a different chemotherapeutic agent. It is also unclear how the findings in our murine model will translate into humans, particularly given the inability of bevacizumab to inhibit murine VEGF. Nevertheless, our study does show feasibility of overcoming some of the barriers to successful chemotherapy by improving the intratumoral delivery and efficacy of systemic chemotherapy. Thus, as antiangiogenic agents continue to move forward into clinical trials, appropriate patient selection, as well as the dose and scheduling of angiogenesis inhibitors and cytotoxic agents, will need to be carefully considered to optimize the efficacy of combination therapies.
